Photosynthesis, hydrostatic pressure, chlorophyll fluorescence Primary photosynthetic processes under pressures of up to 1300 atm were studied by means of chlorophyll fluorescence induction (Kautsky-effect) and compared to simultaneous oxygen exchange transients determined polarographically. Chlorophyll fluorescence induction was affected by increased hydrostatic pressure in three distinct ways: 1. At 400 atm loss of the first fluorescence drop (I-D transient), reflecting inhibition of PSI activity; 2. at 400 -1200 atm suppression of the fluores cence peak (D -P -S transient), indicating a block at the electron donor site of PS II; 3. at 800 -1200 atm flattening of the first fluorescence rise (O -I transient), suggesting a loss of ex citation energy within the pigment system. Pressure effects on oxygen exchange include inhibition of transient oxygen uptake and stimulation of the initial oxygen burst, which is paralleled by loss of the first transient fluorescence drop. Inhibition of the second oxygen burst is accompanied by the elimination of the transient fluorescence peak. The first burst only decreases with pressures exceeding 800 atm, as does the initial fluorescence rise. All pressure effects on fluorescence and oxygen exchange were reversible. Hydrostatic pressure appears to be a useful multilateral inhibitor in the study of primary photosynthetic reactions.
Introduction
Temperature has long been considered an im portant parameter in photosynthesis studies, yet its physical-chemical analogue, hydrostatic pressure, has had a role in the work of few photosynthesis investigators. Vidaver 1-3 studied the effects of pres sure on the photosynthetic responses of several marine algae and observed that steady state oxygen production and the slower transient increases are suppressed by increasing pressure, whereas, the initial rapid 0 2-burst is remarkably resistant to pressures of up to 1000 atm. In these experiments, increased temperature tended to oppose pressureinduced suppression of Oo production, as with the pressure-temperature relations of many enzymatic reactions observed in vivo Rapid changes in Chi a fluorescence intensity oc cur within the first moments of illumination after a period of darkness (Kautsky effect) 9. This chloro phyll fluorescence induction is a sensitive indicator of two interacting, independent light systems in photosynthesis10-13. Selective inhibitors can in fluence photosynthetic primary partial processes and induce characteristic changes in the various phases of the induction curves 14' 15.
Next to chlorophyll fluorescence induction, oxy gen exchange transients are the most direct indi cators of photosynthetic primary reactions. With the onset of illumination, oxygen evolution rates vary with a complex time course16, and these transients are also influenced differently by various inhibitors of photosynthesis 1. Transient oxygen up take following or accompanying the rapid burst can be isolated as a negative spike after a series of preilluminating flashes or in the presence of DCMU 17-***. Vidaver and French 18 related a PSIaction spectrum to this transient.
Requests for reprints should be sent to Dr. U. Schreiber, Photobiology Group, Department of Biological Sciences, Simon Fraser University, Burnaby, British Columbia, Canada. *** DCMU = S-^'^'-dichlorophenylVLl'-dim ethylurea.
Chlorophyll fluorescence and oxygen emission rates during the induction period were correlated by Lavorel et a l.19 and Joliot20. They distinguished two phases: During an activation period fluores cence and rate of oxygen evolution increase simul taneously, followed by a phase where fluorescence and oxygen describe antiparallel courses.
We report here on our examination of photosyn thetic induction in three algae; a green unicellular species, a green marine thalloid species, and a red marine species. Simultaneous recording of 0 2 and fluorescence induction indicates that hydrostatic pressure has corresponding effects on both proces ses. The results reflect the influence of the two photochemical systems on primary photosynthetic processes. Hydrostatic pressure proves to be useful as a multilateral yet reversible inhibitor in these studies.
Materials and M ethods
Scenedesmus obliquus was grown in continuous light at 25 °C in inorganic medium as described by Kessler Discs of Ulva or Porphyra thalli were held tightly against the platinum electrode surface by the means of a cellophane membrane. In case of Scenedesmus, the algae cells were layered onto a piece of cigarette paper which was then treated like a thallus.
Dark time before each measurement was 5 min for Scenedesmus, 10 min for Ulva and 15 min for Porphyra after which time the dark adapted state was readied in each of the different species. Pressure was applied for only one minute before light was given. All experiments were carried out at 25 °C.
Anaerobic conditions were achieved in the pres sure vessel by operating the oxygen electrode, which consumes oxygen, for a sufficiently long time ( ~ 6 hours). Complete anaerobiosis was indicated both by a zero 0 2-uptake of the electrode and an anaerobic fluorescence transient14.
R esults and Discussion
Chlorophyll fluorescence induction and hydrostatic pressure sure effects very similar to those with Scenedesmus on the green marine alga Ulva lobata. The 0 -I rise is the least affected by pressure while the D -P -S maximum is gradually eliminated and the I -D drop again disappears at 400 atm. In Porphyra con trastingly, the I -D drop seems to be no more sensitive to pressure than the D -P -S transient (Fig. 4 b) .
All of the red algae studied showed a remarkable rise in phycobilin fluorescence induced by hydro static pressures exceeding 1000 atm. There is evidence 28-30 for changes in a, the frac tion of quanta absorbed by PSII, during the induc tion period of photosynthesis. A commonly accepted hypothesis is that after light 2 a so-called "state 2" results in which a is lower than in "state 1", after light 1. On the other hand, it is known that during the induction period there occur swelling and shrinking of the chloroplasts31,32, which would be expected to be affected by pressure. Thus, by ap plying pressure we may impose a "conformational" change on the chloroplast which increases a, shifting energy normally distributed to PSI to PSII.
The 800 atm curves in Fig. 7 show that although there is a stimulation of the pre a-spike, the fol lowing rise of the a-spike is flattened, going along with a lowering of the D -P -S peak in fluores cence. The stationary rate of oxygen production is much more sensitive to pressure than the transient burst and is totally suppressed at about 1000 atm 1-3. This is consistent with the Z-scheme and the concept of enhancement, requiring that any oxygen production exceeding the first burst is dependent on reoxidation of reduced PSII acceptors by PSI.
At higher pressures even the pre a-spike is in hibited, while in fluorescence the D -P -S peak disappears and the 0 -I rise becomes slightly flat tened. In the experiment with DCMIJ (Fig. 3) , a loss in quantum efficiency was observed with pressure of this magnitude. The curves at 1200 atm resemble those obtained with mild heat treatment which re sults in irreversible loss of watersplitting 33,34. In contrast, however, the effect of pressure on both oxygen exchange and chlorophyll fluorescence transients is highly reversible. 
